We present a monolayer black phosphorus (BP)-based metamaterial structure for tunable anisotropic absorption in the mid-infrared. Based on the critical coupling mechanism of guided resonance, the structure realizes the high absorption efficiency of 99.65% for TM polarization, while only 2.61% at the same wavelength for TE polarization due to the intrinsic anisotropy of BP. The absorption characteristics can be flexibly controlled by changing critical coupling conditions, including the electron doping of BP, geometric parameters and incident angles of light. The results show feasibility in designing high-performance BP-based optoelectronic devices with spectral tunability and polarization selectivity.
Over the last decade, atomically thin two-dimensional (2D) materials with distinctive electronic and optical properties have stimulated revolutionary developments in the fields of optics and optoelectronics.
1 Black phosphorus (BP) with many unique properties not found in other members of 2D material family, has captured the interest of research community since 2014.
2 BP thin film shows a carrier mobility up to 1000 cm 2 V −1 s −1 , indicating its promising application in high-frequency and high-speed optoelectronic devices.
3,4 BP also has a moderate direct electronic band gap that is tunable from 0.3 eV to 2 eV, which is considered to bridge the energy gap between that of graphene and transition metal dichalcogenides.
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Moreover, BP exhibits the high in-plane anisotropy in electronic and optical properties due to its puckered orthorhombic structure, offering opportunities for the design of polarization dependent devices. 8, 9 However, the optical absorption of BP thin film is quite low due to the nature of atomic thickness, setting an obstacle for practical applications.
Considerable efforts have been devoted to enhance the light-BP interaction based on various schemes and metamaterial structures in the terahertz and infrared regime. The plasmonic resonance in nanostructured monolayer BP was widely studied for absorption enhancement whereas most of the resonance structures showed very weak absorption efficiency. [10] [11] [12] In further works, the monolayer BP was integrated with different multilayer structures for the perfect absorption, such as within Fabry-Perot cavity, in a hyperbolic metamaterial or using the concept of coherent perfect absorption.
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These multilayer structures brought another problem on the complicated fabrication and additional modulation configuration. Most recently, another perfect absorption mechanism based on critical coupled mode theory (CMT) was investigated in metamaterial structures, showing the advantages of the simple design and high absorption efficiency. [20] [21] [22] [23] [24] [25] Due to these desirable capabilities, the a) Electronic mail: syxiao@ncu.edu.cn perfect absorption in BP-based metamaterials via critical coupling is in urgent need.
In this letter, we design a perfect absorption metamaterial structure in mid-infrared by critically coupling monolayer BP with guided resonance in a periodic polymer structure. The proposed absorption structure not only exhibits different absorption characteristics under TM and TE polarizations originating from the in-plane anisotropy of BP, but also demonstrates the actively tunable absorption by manipulating the critical coupling conditions, such as electron doping of BP, structural parameters and incident angles of light. These properties of the structure may allow for the development of highperformance BP-based optoelectronic devices that will take advantage of the dynamic tunability and polarization dependence. The proposed absorption structure is schematically shown in Fig. 1 . The monolayer BP is placed between the orthogonally crossed Polydimethylsiloxane (PDMS) array and the MgF 2 layer, and the sandwiched structure is mounted on the top of a gold (Au) mirror. The refractive indices of the PDMS and MgF 2 are 1.37 and 1.34, respectively, 26, 27 and the low refractive index contrast greatly simplifies the fabrication processes in practice. The atoms in monolayer BP form a puckered hexagonal honeycomb structure, resulting in the in-plane anisotropy of BP along the x-direction (armchair direction) and y-direction (zigzag direction). With the reasonable assumption of thickness of BP d BP =1 nm, the complex permittivity of BP is derived from the surface conductivity by a semiclassical Drude model and has direction-dependent properties along x and y polarization within the wavelength of interest.
11,28 The permittivity of Au mirror is calculated from Drude model.
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The numerical simulations in the work are conducted using finite-difference time-domain (FDTD) method. The plane waves are normally incident from z direction. Periodic boundary conditions are applied in x and y directions and perfectly matched layers are used along the propagation direction. Using Au mirror with a thickness of 200 nm to block the transmission, the absorption is calculated by A = 1 − R, where R represents reflection. To investigate the absorption characteristics of the proposed structure, the structural parameters are initially set as following. The period of the structure is P =4000 nm along x and y axis. The width and length of the PDMS bars are W =600 nm and L= 4000 nm. The thicknesses of the PDMS layer and MgF 2 layer are d P =750 nm and d M =1500 nm. The electron doping of BP n s =3×10
13 cm −2 is adapted. Under the normal incidence, the simulated absorption spectra for TM and TE polarizations are depicted in Fig. 2(a) and (b) . It is observed that the absorption spectra show different properties dependent on polarization directions due to the in-plane anisotropy of BP. The spectrum for TM polarization shows a perfect absorption of 99.65% at the resonance wavelength of 4298.68 nm. Meanwhile, the spectrum for TE polarization exhibits absorption peak of 98.48% at 4308.98 nm and its absorption efficiency is only 2.61% at the resonance wavelength of TM polarization.
In the proposed one-port system, the coupled mode theory (CMT) can be utilized to describe the resonance system, and the reflection coefficient is given by
And the absorption is calculated from
where ω, δ, γ represents resonant frequency, intrinsic loss and external leakage rate, respectively. According to Eq. (2), the incident light will be completely absorption (A =1) when the external leakage γ equals the intrinsic loss δ at the resonance frequency (ω=ω 0 ). Under the critical coupling condition, the effective impedance of the whole structure Z would be same with that of the free space Z 0 , i.e. Z=Z 0 =1, where the impedance Z of the structure is derived from
Here T 11 T 12 , T 21 , T 22 are the elements of the transfer matrix calculated from the scattering matrix elements. The theoretical absorption spectra based on CMT are also depicted for TM and TE polarizations in Fig. 2(a) and (b), showing a good agreement with the simulated results. The absorption characteristic for TM polarization are analyzed because of the total absorption feature. The loss and external leakage of the structure from theoretical fitting are δ=γ=1.03×10 11 Hz. The quality factor Q is calculated as 1045.90 with the definition of Q = λ 0 /∆λ, where the full width at half maximum (FWHM) is ∆λ = 4.11. Comparing with the theoretical Q of 1064.31 by Q CMT = Q δ Q γ /(Q δ + Q γ ) from intrinsic loss Q δ = ω 0 /(2δ) and the external leakage Q γ = ω 0 /(2γ), the similar values between theoretical and simulated Q illustrate the critical coupling mechanism for perfect absorption. In addition, the effective impedance of the structure is calculated as Z = 1.03 − i0.08 at resonance wavelength, close to that of the free space. Hence the reflection of the structure is minimized through impedance matching with free space and the transmission is blocked by the metallic mirror, resulting in the perfect absorption of the entire structure. In comparison, for TE polarization, the intrinsic loss of the structure is calculated as 8.20×10
10 Hz because of the smaller imaginary part of effective permittivity of BP along y axis than that along x axis, while the external leakage of the structure of the structure doesnt change during the polarization shift. Meanwhile, the impedance is calculated as Z = 1.06 + i0.21 for the non-perfect absorption efficiency under the over coupling state. In addition, the electric filed distributions |E| at the resonance wavelength of TM polarization are depicted in Fig. 2(c) . Under the resonance state, the guided resonance confines the electric filed near the BP layer, leading to the significant enhancement of absorption of the structure.
As mentioned above, the critically coupling mechanism of BP with guided resonance is employed to realize perfect absorption of the structure. The absorption characteristics of the structure can be actively controlled via manipulating the critical coupling conditions. Since BP is the main contributor to the loss of the structure in the wavelengths of interest, we take advantage of its tunable electron doping to tailor light absorption. Fig. 3  (a) and (b) illustrate the dependences of the absorption peaks and peak wavelengths on the electron doping of BP for TM and TE polarizations. When the electron doping of BP increases from 1×10
13 cm −2 to 3×10 13 cm −2 , the absorption peak for TM polarization increases from 97.87% (4310.16 nm) to 99.65% (4298.86 nm) and then shows a decline tendency to 86.84% (4255.66 nm) with n s =11×10 13 cm −2 . During the variations, the imaginary part of effective permittivity of BP becomes larger, causing the increase of the intrinsic loss of the structure. The modulation process can also be theoretically explained based on CMT. The leakage rate γ is considered as unchanged, γ= 1.03×10
11 . The loss of the structure is calculated as δ=7.62×10
10 Hz, 1.03×10 11 Hz, and 2.19×10
11 Hz for n s = 1×10 13 cm −2 , 3×10 13 cm −2 and 11×10 13 cm −2 . In terms of the match degree of δ and γ, the system goes through the states from over coupling to critical coupling and under coupling with the increasing electron doping, which is reflected by the variations of absorption peaks in Fig. 3(a) . For the same reason, the absorption peak for TE polarizations exhibits the similar tendency in Fig. 3(b) . Meanwhile, because of the smaller real part of the effective permittivity of BP as n s increases, resonance wavelengths for both polarizations display a slight blue shift, indicating its feasibility within a wide range. In addition to the modulation of intrinsic loss, the absorption characteristics of the structure can also be controlled by adjusting the leakage rate. Fig. 4 depicts the influence of the geometrical parameters on the absorption peaks and resonance wavelengths for TM polarization. When the width of the crossed PDMS bars increases with other parameters fixed as those in initial setting, the absorption peak gradually becomes larger from 64.48% (4253.65nm) for W=400 nm to 99.65% for W= 600nm and then decreases to 98.20% (4336.3nm) for W= 800 nm. This can also be explained by the match degree of the critical coupling conditions. The leakage rate γ of the structure is theoretically calculated as 2.63×10
10 Hz, 1.03×10
11 Hz, and 1.33×10 11 Hz for the three cases of W= 400 nm, 600 nm and 800 nm, respectively. Compared with the unchanged intrinsic loss of the whole structure, the system evolves from the states of under coupling, critical coupling to over coupling, resulting in the variations of the absorption peak. Also, due to the increasing effective refractive index, the resonance wavelength shows a red shift as the width of the PDMS bars increases. In Fig. 4 (b) and (c) , the absorption characteristics show similar variation tendency with increasing thicknesses of PDMS layer and MgF 2 layer, but the absorption efficiency shows a more significant change, i.e. more sensitive than that to the width of PDMS bars. Hence, with a proper engineering of the geometrical parameters, the critical coupling conditions can be adjusted and the absorption characteristics of the structure will be flexibly tailored. Then dependences of the absorption characteristics of the structure on different incident angles for TM and TE polarization are also investigated, as shown in Fig. 5 . When the incident angles increase from 0
• to 6
• , the absorption efficiency remains almost unchanged with the values above 94% due the insensitive properties of the guided resonance to the incident angles. It is also observed that the peak wavelength shows a slight blue shift from 4298.4 nm to 4281.23 nm for TM polarization. For TE polarization, two absorption peaks of the spectra are observed under different incident angles and the wavelength splitting in Fig.5 (b) arises from the excitation of the two guided resonances. The absorption characteristics for TE polarization under different incident angles will find its promising application in multispectral detection.
In summary, a simple monolayer BP-based absorption metamaterial is proposed and the absorption characteristics of the structure are numerically simulated and theoretically analyzed. By critically coupling of the guided resonance, the absorption of the structure can be enhanced to 99.65% at resonance wavelength of 4298.68 nm for TM polarization while the absorption efficiency for TE polarization is only 2.61% at the same wavelength due to the anisotropic nature of BP. In addition to the high absorption efficiency, the structure also exhibits tunable absorption by changing the electron doping of the BP, geometrical parameters and incident angles. The proposed structure provides guidance for designing high performance BP-based devices with high absorption, remarkable anisotropy and flexible tunability.
